ABSTRACT With the increase in penetration level of wind generation in modern electrical power systems, the accurate analysis of transient stability of wind turbine will become more crucial. For this purpose, an appropriate model of doubly fed induction generator (DFIG) for transient stability analysis is required. This paper focuses on the development of approximate model of DFIG for the determination of transient stability using transient energy functions (TEF). The transient stability of the wind turbine during three phase short circuit fault is simulated for a 2-machine test system to verify the effectiveness of TEF for determining the stability of the power system.
Introduction
Environmental concerns and possible energy shortage are encouraging the growth of renewable energy. Among various renewable energy sources like wind power, solar energy, hydro electric power, and biomass, wind power is the most promising renewable energy source. Among several wind turbine technologies, variable speed wind turbine equipped with a DFIG with four-quadrant AC/DC/AC converters is more popular due to its high energy efficiency, decoupled control of active and reactive power, reduced mechanical stress on the wind turbine, and relatively low power rating of power electronics converters (25-30%) of the total power [1] . As the penetration level of wind power increases, the effect of wind turbine on transient stability of the overall power system has to be investigated. Therefore, to investigate the impact of wind turbine on the grid a suitable model of DFIG for transient stability analysis is required [2] . For transient stability analysis the detailed model of DFIG is represented in term of a voltage source behind transient impedance. In general, there are two different methods to analyze the transient stability of the power system: numerical methods like time domain integration and direct methods such as transient energy function (TEF) [3] . The direct methods are the fastest and appropriate methods to determine the region of stability. In power system, large disturbances may lead to transient instability, which creates an imbalance between the electrical output power and the mechanical input power. The large disturbance can be in the form of short-circuits on the transmission lines, loss of a large generation or load. It is extremely important to recognize any disturbance that may cause the instability. In this paper, an approximate model for the DFIG has been developed for the application of transient energy functions for the determination of the regions of stability.
Mathematical Model of A DFIG System
The stator and rotor equations of wound rotor induction machine can be written in terms of the instantaneous variables as follows [4] :
The DFIG machine equations are derived from Park's equations at d-q reference frame rotating at synchronous speed [5] . The stator and rotor voltage equations are given by:
where ߱ ௦ is the synchronous speed, ߱ is the rotor speed, and the flux linkages are given by:
Since the stator transients are faster in comparison to rotor transients, and are neglected for transient stability analysis in the equations (3) and (4) . Therefore, the approximated transient model of DFIG can be obtained by substituting ݅ ௗ , ݅ , ߰ ௗ௦ , and ߰ ௦ as follows: 
For transient stability analysis, DFIG equivalent circuit is modeled as voltage source with non-zero rotor voltage behind transient impedance. Since the stator resistance has little impact on the system dynamics, by neglecting ܴ ௦ , the equivalent circuit of DFIG for transient stability can be represented as shown in figure 1 . The magnitude and angle of the voltages are as follows:
The transient model of DFIG can be represented as:
The left side of equation (28) becomes:
This model can be represented in polar coordinates as follows:
The swing equation of the system is represented as:
Where ‫ܪ‬ is the inertia constant, ܶ is the mechanical torque and ܶ is the electrical torque. The equations (31-33) represent the approximate model of the DFIG system.
Transient Energy Functions
The capability of the power system to maintain synchronism during severe transient disturbances like fault on transmission line is referred to as transient stability [4] . Transient stability depends on operating conditions and the disturbances [7] . For transient stability analysis during large disturbances, the critical clearing time (CCT) is of great importance. 
Center of Inertia Reference Frame
Transient energy functions can be described using a synchronous reference frame or center of inertia reference frame (COI). The COI reference frame is more accurate to identify the region of stability and the energy that causes to separate one or more machines from the system [7] . In order to obtain the center of inertia reference frame, the COI is defined by [8] :
Where ߜ and ‫ܯ‬ are the rotor angle and the inertia constant of generator ݅, respectively. ߜ is the center of inertia angle, ߱ is the center of inertia angular speed and ݊ is the number of generators.
The generator's angle and angular speed with respect to the COI reference frame are given by:
where ߠ and ߱ are the angle and angular speed of generator ݅ with respect to the COI, respectively. The swing equations of the generators in the COI reference frame can be defined by [9] :
where ܲ , ܲ and ‫ܧ‬ are the mechanical power, electrical output power and voltage behind transient impedance of generator ݅, respectively. ‫ܩ‬ and ‫ܤ‬ are the conductance and susceptance between generators i and j.
Transient Energy Function
The Transient energy function (TEF) can be derived directly from the dynamic equations with respect to the COI. The TEF of the post-fault system is given by [10] :
Where
The ߠ ௦ is the post-fault stable equilibrium point (SEP). The TEF includes both kinetic and potential energies. The first term represents the total kinetic energy changes of all generator rotors with respect to COI. The second term describes the position energy changes of all rotors with respect to COI. The third one can be interpreted as the stored magnetic energy changes of branch ݆݅. Finally, the last term indicates the dissipation energy changes of branch ݆݅. The last three components describe potential energy. The fourth term in TEF corresponding to the dissipation energy depends on the system trajectory. There are different methods to approximate this term [11] . Here, the linear angle trajectory assumption is used between two points ߠ and ߠ as follows:
where ߠ and ߠ are the angular trajectories of generator ݅ and ݆ with respect to time ‫.ݐ‬ ߠ and ߠ are the initial and final angular position vectors of ݊ generators. Thus, the approximated term for dissipation energy can be obtained [12] :
Basic Concepts of Critical Rotor Speed
The concept of critical rotor speed can be further explained by using the electrical torque versus rotor speed curve of an induction generator. In order to obtain a mathematical relationship between electrical torque and
rotor speed, the steady-state equivalent circuit of an induction generator as shown in Figure 2 . can be used. is the rotor slip, ߱ ௦ is the system synchronous speed, and ߱ is the generator rotor speed. By the convention employed in this work, when the induction machine operates as a generator, the mechanical torque is negative. Therefore, the electricalmechanical equilibrium equation of an induction generator can be written as:
where ‫ܪ‬ is the inertia constant. By using (51), the electrical torque versus rotor speed curve can be plotted as shown in Figure 3 [8] . The constant mechanical torque is also shown in the figure. To facilitate the visualization, in this figure, the electrical and mechanical torques are multiplied by minus one (-1). From (51), two equilibrium points, where the electrical torque is equal to the mechanical torque, can be found. It is easy to show that the equilibrium point represented by A is the stable one and the equilibrium point represented by B is the unstable one. The rotor speed at point A is the ߱ in which the generator normally operates. In addition, the rotor speed at point B is the critical speed ω ୡ୰୧୲ . This can be better explained by using Figure 4 , where the system trajectory is shown considering two different fault clearance times. In Figure 4 , before the fault occurrence, the generator is operating at point A, where the rotor speed is ω ୭ . At this instant, a fault is applied and the electrical torque abruptly decreases to zero and the generator operating point moves to point B.
As a result, the rotor speed starts to increase governed by (51). At instant ‫ݐ‬ , the fault is eliminated and the generator operating point changes to C. At this instant, the rotor speed starts to decrease since the net torque is negative and eventually the generator will return to operate at point A . Figure 4 . System trajectory for a stable case [8] .
On the other hand, in Figure 5 , before the fault occurrence, the generator is operating at point A. At this instant, a fault is applied and the electrical torque abruptly decreases to zero and the generator operating point moves to point B. As a result, the rotor speed starts to increase as governed by (51). At instant t ୡ , the fault is eliminated and the generator operating point changes to C. At this instant, the rotor speed continues to increase since the net torque is positive and eventually the generator will become unstable. Thus, it can be verified that when the fault is eliminated before the rotor speed reaches the critical speed, the generator response is stable. Otherwise, when the fault is eliminated after the rotor speed reaches the critical speed, the generator response is unstable. Figure 5 . System trajectory for an unstable case [8] .
for a 2-Machine Power System
In order to demonstrate the proposed procedure, a 2-machine system as shown in Figure 6 is considered. The developed procedures are applied to estimate the transient stability of grid connected DFIG, when the stator terminal of DFIG is subjected to the three-phase short-circuit fault. Lur'e type Lyapunov function is constructed as a transient energy function [10] . The equation describing the Lur'e system is as follows:
Where ‫,ݔ‬ ‫,ݑ‬ and ‫ݕ‬ are the state variable, input and output of the system, respectively. ߮ሺ‫ݕ‬ሻ is a nonlinear continuous function which satisfies the sector condition as follows:
and ‫ܭ‬ is a positive definite symmetric matrix.
New state variable in center of angle coordinates can be used as follows:
The state variables to construct Lyapunov function are: Where ߮ሺ‫ݕ‬ሻ is:
The Lyapunov function for this 2-machine system can be given as follows:
There exists a positive definite (PD) symmetric matrix ܲand a real number ‫,ݍ‬ which a Lur'e system will become Figure 7 . 
Results
Supposing a three-phase fault occurs as shown in the Figure 6 , the transient stability assessment is performed. The system parameters are shown in Table 1 . The CCT results obtained for this example is shown in Table 2 . For all cases in Table 2 , CCT obtained by the proposed method are comparable with those by numerical method. Because the TEF method only requires obtaining the trajectory on fault in original system by numerical integration with one time, it achieves faster time to obtain the CCT value than the numerical methods. 
. Conclusion
In order to determine the transient stability of a grid connected wind turbine with DFIG, the equivalent model has been proposed. The transient behavior of the wind turbine are simulated and compared when the stator terminal of the DFIG is subjected to a three-phase fault.
The results of transient stability analysis are also compared with numerical method. The transient state equation of DFIG equivalent to a synchronous generator with the voltage adjustment mechanism is established. Based on TEF for power system, the procedure of the transient stability of the wind turbine system has been developed. The results obtained by the proposed method compares very well with the numerical results.
